
b 

N A S A  T E C H N I C A L  NASA TM X-52175 
v M E M O R A N D U M  

fACCESSldN a647571 NUMBER) 

I 

(1 

s 
P 

I 
ITHRUI 

cv > e 2 9  
2 

A i -.5 2/?r E + 
< 
v) < z 

d 

(PAGES) 
u3 

4 

ICATEOORY) (NASA CR OR TMX OR AD NUMBER) 

INVESTIGATION OF THE DISCHARGE AND EXHAUST BEAM 
OF A SMALL ARC PLASMA THRUSTOR 

GPO PRICE $ 

CFSTI PRICE(S) $ 
by David N. Bowditch 
Lewis Research Center 
Cleveland, Ohio 

. 
Hard copy (HC) 2400 
Microfiche (M F) < 33 

ff 653 July 65 

I TECHNICAL PAPER proposed for presentation at 
Plasmadynamics Conference sponsored by the 
American Institute of Aeronautics and Astronautics 
Monterey, California, March 2-4, 1966 

r 

NATIONAL AERONAUTICS AND SPACETADMINISTRATION WASHINGTON, D.C. or 1966 



INVESTIGATION OF THE DISCHARGE AND EXHAUST BEAM 

OF A SMALL ARC PLASMA THRUSTOR 

by David N. Bowditeh 

Lewis Research Center 
Cleveland, Ohio 

TECHNICAL PAPER proposed for  presentation at 

Plasmadynamic s Conf ex en@ e 
sponsored by the American Institute of Aeronautics and Astronautics 

Monterey, California, March 2-4, 1966 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 



INVESTIGATION OF THE DISCHARGE AND EXHAUST BEAM 

OF A SMALL ARC PLASMA THRUSTOR 

by David N .  Bowditch 

Lewis  Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio 

ABSTRACT 

A simple, low-power dc magnetic expansion thrustor  has been under 

investigation at NASA Lewis Research Center. An e l ec t r i ca l  discharge i s  

supported i n  a a x i a l  magnetic f i e l d  between an annular anode and a centered 

hollow cathode. 

of 250 G, 0.3 mg/sec mass flow, 2.5 A, and 120 V .  

The thrustor  i s  typ ica l ly  operated at a magnetic f i e l d  

Its operation i s  postulated 

t o  be dependent on an essent ia l ly  quiescent electron gas, which accelerates 

t h e  ions i n  a charge-free e l e c t r i c  f i e l d  supported by the  electron gas 

pressure gradient. The electron gas pressure a l so  transmits t he  thrus t  

from t h e  plasma t o  t he  containing thrustor anode, backplate, and magnetic 

f i e l d .  The thrustor  i s  very s i m i l a r  t o  t he  osc i l la t ing  electron engine 

and shares the  same method of th rus t  production as the  microwave electron 

cyclotron resonance devices. It i s  a l so  believed t h a t  the  thrus t  mechanism 

port ion of t he  thrust of the  geometrically similar higher-power MPD arc.  

The object of the  experiments t o  be discussed i n  t h i s  paper i s  the  investigation 

of t h i s  mechanism of th rus t  production, by mapping loca l  ion  energy and 

momentum using a new Langmuir calorimetric probe, by determining the  plasma 

poten t ia l  p rof i les  with an emitting probe, and by measuring electron pressure 

by means of a Langmuir probe. Good agreement i s  obtained between gross 

t h r u s t  measured by pendulum th rus t  stand and integrated ion momentum measurements 
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made i n  the thrustor  exhaust. 

equipotential  l i n e s  i n  the plasma are  predominantly perpendicular t o  the  

Emitting probe surveys a l so  showed that  the  
n 

magnetic f i e ld ,  indicating tha t  an ambipolar e l e c t r i c  f i e l d  i s  the  main 

ion accelerating mechanism. Also, the electron force on the B f i e l d  i s  

calculated fran the magnetic f i e l d  shape and electron pressure measurements, 

and indicates  t h a t  about half  the  t h r u s t  i s  applied t o  the  magnetic f i e l d .  

These r e su l t s  agree wi th  the  postulated operation. 

INTRODUCTION 

A simple low-power dc magnetic expansion thrustor  has been under inves- 

t i ga t ion  at Lewis Research Center ( re f .  1). An e l ec t r i ca l  discharge i s  

supported i n  a diverging, a x i a l  magnetic f i e l d  between an annular anode 

and a centered hollow cathode. The proposed principle of th rus tor  operation 

i s  tha t  the  discharge supports a hot, nearly quiescent e lectron gas, which 

ionizes and accelerates the propellent i n  a magnetic nozzle. The col l is ion-  

l e s s  ion  acceleration r e su l t s  from a space-charge-free e l e c t r i c  f i e l d  t ha t  

t he  plasma i t s e l f  bui lds .  I n  the accelerating region, the equal ion and 

electron charge densi t ies  make t h i s  e lec t ros ta t ic  force on the  oppositely 

charged pa r t i c l e s  equal and opposite. 

e lectrons t ransfer  t h e i r  pressure force t o  the ions, which comprise essent ia l ly  

Thus, through t h i s  f i e l d ,  the hot 

a l l  t he  i n e r t i a  of the plasma and the momentum of the  exhaust. The thrus t  

appears as forces on the thrustor  structure and magnetic f i e l d ,  which provide 

the upstream containment of the electron gas. T h i s  operation i s  very similar 

t o  the  proposed operation of the  osc i l la t ing  electron engine ( r e f .  2 )  and 

shares the  same method of ion acceleration with the  microwave electron 

cyclotron resonance devices ( r e f s .  3 and 4 ) .  Also, the thrus t  mechanism 



3 

of t h i s  thrustor  may be responsible for. a s ignif icant  portion of the  th rus t  

of the geometrically similar, higher-power MPD arc  ( r e f s .  5 t o  10). 
., 

There has always been a great deal of d i f f i cu l ty  i n  interpret ing the  

measurements required t o  determine the performance of plasma engines. Even 

the thrust stand, which w a s  the  one measurement considered beyond question, 

now measures higher th rus t  than would be compatible with measured input 

power and thermal losses  ( r e f .  10). The thrus t  measurement i s  probably 

correct,  but t h e  t e s t ing  environment, tank size,  and background density 

are  now suspected of causing dis tor t ion of t he  thrust-producing mechanism. 

Therefore, t o  corroborate the  measured performance and t o  ver i fy  the  proposed 

method of thrust production, t he  plasma beam of the  magnetic expansion engine 

w a s  investigated.  T h i s  engine was desirable for  t h i s  purpose, because i t s  

performance i s  known t o  be environment sensi t ive and i t s  power i s  low, about 

300 watts. This allowed investigation of the  beam and the  discharge inside 

the anode without destroying uncobled probes. 

APPAPATUS 

Thrustor 

The magnetic expansion thrustor  w a s  operated at an easily repeated 

condition of 260 gauss magnetic f ie ld ,  discharge current of 2.5 amperes 

a t  120  vo l t s ,  an4 argon propellant flow of 0.35 m i l l i g r a m  per second. This 

produced a specif ic  impulse of 1100 seconds at a thrust  efficiency of 7 percent. 

Performance of twice t h i s  impulse and eff ic iency has been obtained, but  it 

was not considered sufficiently reproducible for  the  long periods of time 

required fo r  the probe surveys. A schematic of the  engine i s  shown i n  

figure 1 along w i t h  the  probe actuation system. The smallest anode diameter 



4 

i s  0.0415 meter, and it i s  f l a i r ed  t o  an ex i t  diameter of 0.095 meter. 

The hollow cathode i s  a tantalum tube with a 1.9X10'4-meter w a l l  and i s  

coated on i t s  1.09X10-3-meter inner diameter w i t h  a mixture of 53-percent 

barium oxide, 46-percent strontium oxide, and 1-percent calcium oxide. 

Part  of the argon propellent was introduced through the cathode and the  

r e s t  through oppositely positioned propellent par t s  i n  the  anode. The 

discharge current w a s  controlled be varying the flow through the  cathode, 

which was heated by the discharge. The engine i s  mounted i n  a 0.56-meter 

cubical aluminum box, attached t o  a large vacuum f a c i l i t y  by a 12-inch- 

diameter valve. At the  above operating conditions, the background pressure 

i n  the  box w a s  4x1Ow5 t o r r .  The discharge power supply w a s  f loa t ing  so 

t h a t  t he  engine discharge sought i t s  own potent ia l ,  which placed the cathode 

a few vo l t s  above ground. 

i t s  thrus t  could be determined a t  anytime by terminating the discharge. 

The thrustor i s  mounted on a pendulum so t h a t  

Probes 

Two probes were mounted on the  actuating system shown i n  f igure I, 

which allowed about 0.1-meter ax ia l  t r ave l  and 90' a n m a r  movement. 

p e w t t e c l  either d_pt.ailed. siirveps inside the  thrustor  anode with a long 

probe or measurements up t o  0.1 meter i n  f ront  of the anode with shorter 

probes. 

beam only along an arc  intersect ing the thrustor  axis. 

necessary t o  assume t h a t  t h i s  traverse w a s  typ ica l  of the  e n t i r e  beam. 

The discharge w a s  investigated with the  three types of probes shown 

This 

The angular movement of the actuator permitted sampling the exhaust 

It w a s  therefore 

i n  f igure 2,  emissive, Langmuir, and Langmuir calorimetric. The emissive 

probe was used t o  measure plasma potential .  I ts  voltage w a s  measured by 
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l 
a 1.5X106-ohm voltmeter, and i t s  5 - m i l  sensing wire w a s  heated by ac current.  

The wire was heated u n t i l  fur ther  heating produced no change i n  f loa t ing  

voltage. 

vo l t s  of plasma potent ia l .  

and electron saturat ion regions t o  determine electron temperature and number 

density, which were combined t o  obtain pressure. The normal reduction 

assuming quiescent e lectron gas w a s  used and appeared t o  work well. 

I 

Domitz ( r e f .  11) shows t h i s  f loa t ing  voltage t o  be within a few 

The Langmuir probe w a s  used i n  the t r ans i t i on  

The Langmuir calorimetric probe was made so tha t  the plane Langmuir- 

probe face could be biased t o  measure current and thermal power charac- 

t e r i s t i c s  versus voltage. 

chosen for  i t s  low density, very low heat t r ans fe r  coeff ic ient ,  and e l e c t r i c a l  

insulat ion properties,  between a plane Langmuir probe and a water-cooled 

body. 

probe current measurement, and thermal power w a s  measured by determining 

the  temperature drop across the tef lon insulator .  

This w a s  done by gluing a t e f lon  thermal res is tance,  

Individual plane probe and guard r ing  e l e c t r i c a l  leads allowed separate 

The heat capacity of the  copper face i s  easy t o  determine accurately. 

The probe time constant i s  equal t o  the r a t i o  of the  probe face heat capacity 

225 t h e  gmxhc t  nf t h e  t e f lon  thermal conductivity and area divided by the  

t e f lon  thickness. 

determining the  probe time constant from i t s  measured dynamic response t o  

s t ep  changes i n  heat input.  

how much heat enters  the probe face during cal ibrat ion.  

Therefore, the  thermal conductivity i s  calibrated by 

T h i s  avoids the problem of accurately determining 

REDUCTION OF LANGMUIR CALORIMETRIC PROBE DATA 

To in t e rp re t  the  character is t ic  of thermal power t o  the probe versus 

bias voltage, it i s  necessary t o  make a heat balance similar t o  that  made 
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by Compton ( r e f .  1 2 )  when analyzing t h e  cathode of an arc .  

i s  assumed t o  be i n  a beam w i t h  average directed energy per ion of Uo'(eV) 

and average a x i a l  ion veloci ty  of vo, the ion power density contribution 

If the  probe 

t o  the  surface, a f t e r  t ravers ing the probe sheath, i s  

where the  beam ion current density ji = novoe, and no i s  beam number 

density, 'pi 

j's i s  the  secondary emission current density, and V and Vp a re  the  

probe potent ia l  and the  plasma potent ia l ,  respectively.  

is  the ionization potential ,  'pw i s  the  surface work function, 

Equation (1) also 

requires. that no col l is ions occur i n  the probe sheath and t h a t  vo is  

la rger  than the m i n i m u m  ve loc i ty  needed for  a s tab le  sheath vo >pc, 
mion 

where Te i s  e lectron temperature i n  vol t s ,  k i s  the Boltzman constant 

(1.602 Joules/eV), and mion i s  the ion mass. Assuming that the  

beam i s  neutral ,  the  beam-directed velocity i s  small compared with the  electron 

thermal velocity,  and the  electrons have a Maxwellian d is t r ibu t ion ,  the  

electron power density t o  the  surface i s  

pe = j e (2Te  + ~ v )  

where the  electron current density je i s  

noe 8kTe -e(v - vP) 
4 fi me je - - - - kTe 3 

and where me i s  the  electron mass. The t o t a l  plasma power density t o  the  

probe is ,  of course, the sum of equations (1) and ( 2 ) .  

To understand the  calorimetric data more fu l ly ,  it i s  necessary t o  

look at  the  thermal power var ia t ion  w i t h  probe voltage. The probe power 
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and current var ia t ions w i t h  voltage determined i n  the  exhaust of a magnetic 

expansion plasma thrustor  ( r e f .  1) using argon propellent are  presented in '  * 

f igure 3. Since the measured current i s  constant i n  the ion sa tura t ion  

\\ * 

region [ - (V - Vp)  < 13OV1, it can be assumed that  the  secondary emission 

i s  independent of probe poten t ia l .  

the  e lectron contribution P e$ 

% i s  the  probe a rea) .  

the  slope of the thermal power curve i s  equal t o  the  ion current 

and i s  5.5 milliamperes i n  this case. Comparing this w i t h  the  measured 

sa tura t ion  current of 5.8 milliamperes, which i s  the  sum of the  ion and 

secondary emission currents,  determines tha t  the secondary emission current 

jsAp i s  0.3 milliampere. The plasma potent ia l  Vp w a s  independently det-  

ermined by the  previously discussed emissive probe technique. 

of the  ion current w i t h  the  difference between plasma potent ia l  and probe 

poten t ia l  determines the  ion power gained i n  the sheath -ji%(V - V p ) .  

ionizat ion power can be evaluated from the ion current.  

secondary emission for  the data of figure 3 i s  0.013 watt, which i s  negligible.  

Subst i tut ion of these powers and the measured power i n t o  equation (1) det-  

ermines tha t  the directed k ine t ic  power ji% i s  0.25 w a t t .  Dividing t h i s  

power by the  ion current of 5.5 milliamperes gives a directed k ine t ic  energy 

per ion  of 45.5 electron vo l t s  per ion.  

Also i n  t h i s  ion saturat ion region, 

t o  the measured power is  negligible (where 

Therefore, it can be seen from equation (1) t h a t  

ji% 

The product 

The 

The power l o s t  t o  

I n  f igure 3, it can be s e e n t h a t  the measured k ine t ic  power of 0.25 w a t t  

i s  only  40 percent of t he  t o t a l  power, 0.615 watt, measured at f loa t ing  

po ten t i a l  V This measured power is  even la rger  than can be calculated 

from t h e  convective power density i n  the beam, which i s  the sum of the products 
f '  
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of the average energies fo r  ions and electrons and t h e i r  respective currents 

3 
jiAp(Vo + cpi - 9,) + je%(z Te + cp,); at V f ,  ji = je. 

jeAp[ (Vf - Vp)  + 2 Te] comes from the plasma electrons.  

sheath, each electron loses  the energy 

it del ivers  an average of 2Te +'pa t o  the probe surface. This ex t ra  power, 

0.187 w a t t  i n  t h i s  case, i s  extracted from the l o c a l  electron gas, which is  

supported by the discharge. 

ment i n  a tenuous plasma beam i s  la rger  than the product of the convective 

power density i n  the  beam and calorimeter area.  

RESULTS AND DISCUSSION 

Discharge Noise 

* The extra  power 
1 

I n  t ravers ing the 

e(Vf - V ) t h a t  each ion gains, and P 

Therefore, a f l oa t ing  calorimeter power measure- 

To put the  r e su l t s  i n  the proper perspective, it i s  first necessary 

t o  discuss the discharge noise, which was qui te  large.  

urements were made with dc meters. 

measurement of plasma potent ia l  displayed on an oscilloscope. This meas- 

urement w a s  made a t  the nois ies t  point, which w a s  j u s t  ahead of the f ront  

c o i l  i n  the  conical anode area. The noise has a maximum peak-to-peak amplitude 

of 25 v o l t s  about a dc s ignal  of approximately 87 vo l t s .  These a re  s ign i f icant  

f luctuat ions compared t o  the t o t a l  acceleration or' 70 vol t s ,  but t h e y  sî ? not 

believed t o  have a major effect  on the  conclusions of the investigation. 

Ion Acceleration 

Most po ten t ia l  meas- 

Figure 4 presents the  emissive probe 

The r e su l t s  of several plasma potent ia l  surveys using an emissive probe 

a re  presented i n  f igure 5. 

Ohm voltmeter, which read an average value of the f luctuat ing plasma poten t ia l  

previously discussed. 

The potent ia ls  were determined with a 1.5.10+6- 

It was necessary t o  use an emissive probe t o  obtain a 
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reasonable determination of the shape of plasma equipotential  l i nes ,  since 

f loa t ing  potent ia ls  fo r  a nonemitting probe were a l so  measured and did not 

show similar prof i les .  

I F , 

The probe floated about 20 vo l t s  below ground on 

axis ,  but it f loated 20 t o  50 vo l t s  above ground off axis, which would 

indicate a trough of low potent ia l  down the  center of the  exhaust beam. 

These low-floating voltages were evidently caused by high-energy electrons,  

which were detected by the  calorimetric probe. 

calorimetric probe i n t o  the ion saturation region required a potent ia l  of 

200 vo l t s  below ground on axis,  but off axis ,  ion saturat ion current was  

obtained at only 20 t o  30 vo l t s  below ground. 

To drive the Langmuir 

The cathode j e t  area on axis and extending a l i t t l e  beyond the  cyl indrical  

portion of the  anode could not be probed because of the extreme heat f luxes 

i n  t h a t  area. 

The thrustor  axis could be probed t o  within about 1/4 inch of the  end of 

the  cathode j e t  with very l i t t l e  heating. If the  probe was  t rans la ted  tha t  

last quarter inch, however, i t s  t i p  would heat t o  a br ight  yellow, and the  

99 -percent aluminum-oxide ceramic would melt. 

defined rad ia l ly .  

The j e t  w a s  in te res t ing  i n  that i t s  end w a s  fairly well defined. 

+ 
The j e t  was a l so  f a i r l y  well  

Probes could be placed within a radius of about 0.1 t o  

0.15 inch without excessive heating. 

The equipotential  l i n e s  are  essent ia l ly  perpendicular t o  magnetic flux 

l i n e s .  

current acceleration requires equipotential l i n e s  t o  coincide roughly w i t h  

f l u x  l i n e s .  

l a rge  distances compared t o  a Debye distance, indicating that accelerat ion 

i s  accomplished i n  a r e l a t ive ly  space charge f r ee  plasma. 

T h i s  indicates  tha t  H a l l  currents are  not important, since H a l l  

Also, the  accelerating voltage drop appears t o  take place over 

I n  addition, 
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the  equipotential  l i n e s  a re  f a i r l y  c i rcular  inside the anode and even 

e l i p t i c a l  outside, indicat ing t h a t  the beam is  at l e a s t  spherically diverging. 

The equipotential  map, therefore,  indicates that the  discharge current does 

not par t ic ipa te  d i r ec t ly  i n  acceleration, as it does i n  a H a l l  current 

accelerator,  and t h a t  plasma i s  re la t ive ly  space-charge neutral .  Both these 

conclusions support the  method of ion acceleration proposed i n  the INTRODUCTION. 

To fur ther  invest igate  this acceleration process, an a x i a l  survey dawn- 

stream of the  anode w a s  made on axis  using Langmuir and emissive probes t o  

determine electron pressure and plasma potent ia l .  The r e s u l t s  are  shown i n  

f igure 6. The 56-volt point was obtained by l i n e a r l y  extrapolating the  

logarithm of the  probe current t o  the plasma poten t ia l  measured by the  emissive 

probe. The extrapolation w a s  based on t h e  semilog probe charac te r i s t ic  slope 

near f loa t ing  potent ia l ,  and it required spanning about a decade i n  probe 

current t o  reach the  measured plasma potent ia l .  This w a s  necessary because 

the  probe t r ace  indicated a premature sa tura t ion  which may be due t o  the  

magnetic f i e l d .  The other points were unaffected by t h a t  problem. The V&T- 

i a t i o n  of pressure w i t h  voltage, shown i n  f igure 6, i s  what would be expected 

f'm an electron gas w i t h  a Maxwellian energy d is t r ibu t ion  temperature of 

7.4 e lectron vo l t s .  

presented i n  f igure 6 and, i n  the  range between 33 and 56 vo l t s ,  are  i n  

The temperatures frm Langmuir probe measurements a re  

fair  agreement w i t h  t h i s  temperature. 

I n  reference 1, an in te res t ing  re la t ion  i n  the  co l l i s ion less  l i m i t  

w a s  obtained d i r ec t ly  by combining the electron and ion momentum equations 

and by assuming s ingly ionized ions, approximate charge neut ra l i ty ,  and no 

ax ia l  current flow. Then, on the axis of symmetry, 
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The exponential dependence of the pressure on vo tage shown i n  f igure 6 

s a t i s f i e s  t h i s  equation f o r  a constant electron temperature of 7.4 e lectron 

vol t s .  The measured temperature w a s  very close t o  t h a t  at higher voltage 

and changed only 25 percent over the measured range. This agreement between 

the  measured pressure var ia t ion  with voltage and equation (3) indicates  t h a t  

the ion-accelerating e l e c t r i c  f i e l d  i s  supported by the electron pressure 

gradient. 

Verif icat ion of Thrustor Performance 

I n  order t o  ver i fy  the thrustor  performance, the average ion energy 

i n  the bean w a s  surveyed with the  Langmuir calorimetric probe a t  the plane 

indicated i n  f igure 5. 

t ha t  the  beam had spread rapidly ahead of the survey plane. 

w a s  integrated t o  get  the  t o t a l  accelerated current, which w a s  0.58 ampere. 

This, when compared w i t h  the  m a s s  f low of 0.355 milligram per second of argon 

or 0.86 ampere, gives a propellant u t i l i za t ion  of 67 percent, which i s  higher 

than might be expected considering t h e  modest performance. 

These r e s u l t s  are  presented i n  f igure 7 and show 

The ion current 

If the energy per ion i n  electron vo i t s  i s  reI^erenced t o  gi-Ciiii2, 

the value w i l l  indicate the average potential  of the region i n  which the 

ions were formed. 

can be seen t h a t  near the  axis,  the ions all came from a potent ia l  of b e t t e r  

than 90 vol t s ,  which w a s  inside the cylindrical  portion of the anode on 

the equipotential  p lo t .  The da ta  a t  the edges indicate  even higher energy, 

which i s  believed due t o  inaccuracy of s m a l l  power measurement at 

This potent ia l  i s  presented i n  the upper curve, and it 
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low probe ion currents and input powers. 

by an emissive probe i s  presented i n  the lowest curve. 

i n  electron vo l t s  i s  the  increment between the source poten t ia l  and plasma 

potent ia l  curves. 

and therefore had k ine t ic  energy of about 72 electron v o l t s  per ion, the 

measured current density and veloci ty  corresponding t o  72 electron v o l t s  

per ion were used t o  calculate  a loca l  number density of 2.16X1016 metersm3 

on the  centerline.  

another run from the electron saturat ion portion of a Langmuir probe char- 

ac t e r i s t i c .  This agreement, which i s  considerably b e t t e r  than the accuracy 

of the  data, again indicates  that the portion of the beam w i t h  s ignif icant  

k ine t ic  energy consis ts  of ions originating inside the thrus tor  anode. 

The plasma poten t ia l  as determined 

The l o c a l  ion energy 
t 

To check tha t  t he  ions were all formed inside the anode, 

This i s  the  ident ical  value determined there  during 

Since all the ions appeared t o  originate near t he  m a x i m u m  voltage, 

it w a s  assumed t h a t  ions at a l l  r a d i i  had an equal energy of 72 electron 

vol t s .  

density, out t o  a radial distance about three times the anode ex i t  radius.  

A cosine correction w a s  made at lasge radii t o  correct f o r  momentum direction. 

T h i s  gave a t o t a l  ion momentum r a t e  of 4.18~10~~ newton, which compares 

ra ther  well  with the  th rus t  stand measurement of 3.83><10-3 newton. 

be seen l a t e r ,  the  electron pressure integrated over this same area i s  

0.36X10-3 newton. 

calculated by integrat ing around a momentum contour at t h i s  plane about 

18 percent greater than the  measured thrus t ,  which i s  probably within the 

accuracy of the data.  The ion momentum responsible for  the th rus t  of the 

Then the  ion momentum was  integrated, using the  measured ion current 

A s  w i l l  

This, added t o  the ion momentum flux, makes the  th rus t  

magnetic expansion thrustor  therefore, appears f a i r l y  close t o  the  thrustor  
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ex i t  as momentum of ions which originated inside the anode. Therefore, 

the entrainment of background gas probably does not play a s ignif icant  par t  

i n  th rus t  production at the conditions of this t e s t .  

Electron Pressure Forces on the Thrustor 

The force on the expanding magnetic f i e l d  is due t o  i t s  r ad ia l  contain- 

ment of the  electron gas. Macroscopically, the electron pressure force 

a r i s e s  from the interact ion of the radial magnetic f i e l d  with the  azimuthal 

current associated with a radial density gradient of electrons orbi t ing 

around magnetic f i e l d  l ines .  This azimuthal current i s  similar t o  the  

magnetization current of magnetic f i e ld  theory. To determine t h i s  force 

would require taking the  derivative of data, which would probably introduce 

s izable  errors .  

integrat ing the  ax ia l  magnetic mirror force on an orbi t ing electron 

(mevz s in2 e/2B)(aB/aZ) over a Maxwellian dis t r ibut ion.  

ax ia l  body force on the magnetic f i e l d  per un i t  volume 

Therefore, t he  pro3lem w a s  approached microscopically by 

T h i s  gives an 

F pa ra l l e l  t o  the 

local  magnetic f i e l d  of 

where Pe i s  the  loca l  electron pressure, IB the  magnetic i i e ld ,  and Z 

t he  distance along a f lux  l i n e .  

equation (4 ) ,  it w a s  used t o  determine a representative force on t h e  magnetic 

f i e l d .  

Since the  pressure appears d i r ec t ly  i n  

Figure 8 presents l i n e s  of equal. electron gas pressure as determined 

by Langauir probes. 

It w a s ,  therefore,  possible t o  re l iab ly  determine electron gas pressure on ly  

Inside the  anode, the probe charac te r i s t ics  were dis tor ted.  
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i n  f ront  of t he  anode. Results of integrating t o  obtain the  t o t a l  pressure 

force at a plane are shown. A t  the  anode l i p  the  pressure force i s  0.67~lO'~ 

newton, and t h i s  reduces about i n  half t o  0.36><10'3 newton at the calorimeter 

survey plane. 

I n  order t o  estimate the  previously derived force on the  magnetic f i e ld ,  

it was decided t o  determine the  t o t a l  force on a 0.0508-inch-diameter cylinder 

extending from the  plane of the  front c o i l  t o  t he  plane of the  calorimetric 

survey, 0.14 meter downstream. This cyl indrical  volume s t a r t ed  at the  front  

magnet because the  magnetic f i e l d  was symetrical between t h e  co i l s ,  which 

should produce nearly canceling forces i n  the  in t e r io r  region. 

radius was chosen la rge  enough t o  include most of t he  areas of s ignif icant  

e lectron pressure and small enough t o  minimize the  errors  due t o  using the  

on-axis value of (l/B)(aB/&Z) and ignoring tha t  the  body forces a re  pa ra l l e l  

t o  t he  loca l  f lux  l i n e s  and not axial. To calculate t he  force, the  pressure 

was averaged over the  cross sectional area, and the on-axis value of (l/S)(aB/dZ) 

w a s  assumed t o  apply throughout t h e  volume. The var ia t ion  of e lectron gas 

pressure and (l/B) (aB/aZ) with axial. distance are  presented, respectively, 

i n  parts (a)  and ( b )  of f igure 9.  The product of these two variables with 

t h e  cross sect ional  area of t he  assumed cylinder 2.0ZX10'3 square meter 

i s  t h e  force per meter on the  cylindrical  volume and i s  presented i n  f igure 9 ( c ) .  

The area  under t h i s  curve can then be integrated t o  givean electron gas force 

on the  magnetic f i e l d  of 1.74.10'3 newton, which is  about half  of the meas- 

ured th rus t .  

an indicat ion of t he  proper order of t he  force on the magnetic f i e ld .  

Unfortunately, the  pressures i n  the thrustor  could not be measured, so tha t  

The cylinder 

T h i s  i s  not expected t o  be an accurate calculation but only 
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the force on the back p l a t e  could not be determined. 

of both this force and the pressure force on the s t ructure  i s  that it doesn't 

The in te res t ing  aspec5 

I r ea l ly  require any ion acceleration, but only a quiescent, electron gas t o  

be present i n  the thrustor  and expanding magnetic f i e l d .  

could be a source of anomalous thrust  when the  magnetic expansion engine 

Therefore, t h i s  

i s  operated at a higher background density. 

CONCLUDING REMARKS 

The exhaust beam of a magnetic expansion thrustor  w a s  investigated t o  

determine the  mechanism of the thrust  production and t o  obtain a separate 

confirmation of performance. The equipotential p rof i les  i n  t.he beam indicated 

tha t  H a l l  currents were not important and t h a t  the  acceleration w a s  obtained 

i n  a r e l a t ive ly  space-charge-neutral region. 

measurements, 0.10 meter downstream of the thrustor ,  indicated t h a t  only 

Langmuir calorimetric probe 

ions were accelerated, and they originated well up inside the  anode. 

th rus t ,  therefore, appeared t o  be produced by ionizing the  propellent well  

The 

up inside the  anode and accelerating the  ions i n  a charge neutral  region. 

Assuming t h a t  the ion acceleration and transmission of th rus t  from the  plasma 

t o  the  thrustor  were accomplished by an essent ia l ly  quiescent electron gas 

produced r e su l t s  t h a t  appeared reasonable. 

e lectron pressure could be measured, the  ion accelerating'  e l e c t r i c  f i e l d  

EZ w a s  found t o  be supported by an a x i a l  electron pressure gradient, sa t i s fy ing  

t h e  momentum considerations corresponding t o  t h i s  accelerator model. The 

electron gas force on the  s t ructure  could not be determined. 

I n  f ront  of the thrustor  where 
, 

However, the 

axial  force of the contained electron gas on the expanding magnetic f i e l d  

w a s  calculated and found t o  be about half  of the medkured thrus t .  The 
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I 
I magnetic expansion thrustor ,  therefore,  appears t o  obtain i t s  t h r u s t  by 

supporting a hot quiescent e lectron gas, which ionizes  t h e  propellent and 

accelerates  it i n  a r e l a t ive ly  space-charge-neutral region. 
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Figure 1. - Magnetic expansion thrustor and probe actuation system. 
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Figure 2. - Plasma probes used dur ing investigation. 
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Figure 3. - Probe characteristics of p e r  and current versus potential. 
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Figure 4. - Noise on emissive probe measurement of plasma potential, 0.025-meter 
inside anode lip. 



LD 
d 
M 
M 

I w 

Calorimeter 
\ survey plane 
\ I 
\ 

Figure 5. - Plasma potential profiles determined by an emitting probe. 
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Figure 6. - Relation between electron gas pres- 
sure and plasma potential on the thrustor axis. 
Data obtained with Langmuir and emissive 
probes. 
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Figure 7. - Ion current and source potential profiles; anode potential = 

125 V. measured thrust = 3 . 8 3 ~ 1 0 - ~  N. 

Figure 8. - Electron gas pressure profiles as determined by Langmuir probe measurements. 
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(a) Average pressure. 

(b) Variation of 1IB (hB/hZ) o n  axis. 

Area under curve = FB = 

1.74~10-3 N 

Axial distance ahead of front coil, z, m. 

(c) Force per unit distance. 

Figure 9. - Evaluation of electron gas pressure 
force o n  magnetic field for cyl indrical volume 
nf 0.098 diameter and 0. 14 m long. 
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